Previous studies in vivo have demonstrated that in neonatal and adult rats hepatic malic enzyme expression is controlled at the pretranslational level by dietary and hormonal factors [ 1, 21. However, in order to demonstrate that particular effectors have a direct effect on gene expression in liver cells, techniques in vitro, such as the use of primary cultures of non-proliferating rat hepatocytes, have to be adopted. Unfortunately, the widely used practice of plating cells on type 1 collagen leads to decreased hepatocyte function as evidenced for example by diminished albumin production [3]. Recently, a new substratum, EHS matrix, has been employed which appears to result in greater maintenance of liver specific gene expression [4, 51. In the present study, the response of malic enzyme gene expression t o various putative effectors has been compared in adult hepatocytes plated on to type 1 collagen or Engelbreth-Holm-Swarm (EHS) matrix. Malic enzyme activity has been determined in cell lysate supernatant solutions and dot-blot and Northern blot analysis has been used to determine the amount and size of malic enzyme and albumin mRNA in hepatocytes maintained in culture for either 4 or 6 days in serum-free chemically defined medium containing 5 mM-glucose.
Previous studies in vivo have demonstrated that in neonatal and adult rats hepatic malic enzyme expression is controlled at the pretranslational level by dietary and hormonal factors [ 1, 21. However, in order to demonstrate that particular effectors have a direct effect on gene expression in liver cells, techniques in vitro, such as the use of primary cultures of non-proliferating rat hepatocytes, have to be adopted. Unfortunately, the widely used practice of plating cells on type 1 collagen leads to decreased hepatocyte function as evidenced for example by diminished albumin production [3] . Recently, a new substratum, EHS matrix, has been employed which appears to result in greater maintenance of liver specific gene expression [4, 51. In the present study, the response of malic enzyme gene expression t o various putative effectors has been compared in adult hepatocytes plated on to type 1 collagen or Engelbreth-Holm-Swarm (EHS) matrix. Malic enzyme activity has been determined in cell lysate supernatant solutions and dot-blot and Northern blot analysis has been used to determine the amount and size of malic enzyme and albumin mRNA in hepatocytes maintained in culture for either 4 or 6 days in serum-free chemically defined medium containing 5 mM-glucose.
Attachment of isolated hepatocytes was similar on collagen and EHS matrix, with approx. 80% of cells attached after 60 min. Hepatocytes plated on collagen flattened within 24 h to form confluent monolayers of polygonal, epitheliallike cells, whereas on EHS matrix cells remained spherical and aggregated within 24 h to form three-dimensional clusters of 10-20 cells as previously reported [ 5 ] . The levels of all parameters measured (malic enzyme mRNA and activity, albumin mRNA and lactate dehydrogenase activity) were very similar in cells assayed immediately after attachment to either substratum to those detected in the whole animal. Such post-plating values were standardized with those of the normal adult rat liver to facilitate a comparison of the magnitude of the responses of malic enzyme expression to the various effectors in vivo and in vitro.
Hepatocytes plated o n collagen and maintained in culture for 4 days exhibited little response to tri-iodothyronine, insulin or dichloracetate with regard to malic enzyme activity or mRNA levels. In addition, the amounts of albumin mRNA were markedly reduced compared with the levels determined in cells immediately after isolation. However, after 6 days in culture the effectors did cause increases in enzyme activity and mRNA levels relative to control cells which were found to have markedly reduced lcvels of malic enzyme expression compared with freshly plated cells. The levels of malic enzyme induction observed were considerably less than those arising in vivo after treatment with the appropriate effector.
Dramatic differences were observed when hepatocytes were incubated on EHS-coated culture dishes. The level of malic enzyme induction after 4 days of treatment with the appropriate effector corresponded to that recordcd after 6 days' stimulation of cells on the collagenous substratum. After 6 days in culture using EHS matrix, increased induction of malic enzyme activity and mRNA was obtained with insulin, tri-iodothyronine and dichloroacetate such that ;I similar response was obtained to that recorded in t i w . In addition. EHS-maintained cells produced albumin mRNA at about twice the level found in cells immediately after isolation. thus indicating maintenance of hepatic function.
In order to try to elucidate the nature of potential mctabolic intermediates involved in the induction of malic enzyme expression, hepatocytes platcd on EHS gel were maintained for 6 days in culture medium containing 5 mMglucose and either malate ( 5 mM), fructose ( 5 mM) o r high glucose concentrations (25 mM. final). Malate caused induction of malic enzyme in the absence of insulin. whereas fructose and high glucose concentrations only caused increased enzyme expression in the presence of insulin. The direct or indirect role of malate in malic enzyme induction merits further investigation.
Thus use of EHS matrix provides a cell-culture system for hepatocytes which resembles the situation in vivo for enzyme induction. However, a note o f caution is necessary, since Northern blot analysis demonstrates that whereas in vivo and in freshly isolated cells the ratio o f 2.0 kb t o 3.1 kb malic enzyme mRNA species is 3, it falls t o 0.5 after 3 days in culture. Paradoxically, hepatocytes cultured o n EHS matrix may provide an excellent system in which t o study the fiictors involved in the production of the various malic cnzymc mRNA species.
Much of the information on the developmental, hormonal and nutritional regulation of rat hepatic malic enzyme has been derived from studies of enzyme activity and immunoreactive protein [ 11, thus limiting information to the posttranslational level. The isolation of a cDNA (pME6) for rat liver malic enzyme [2] has permitted studies of a pre-translational regulation of expression of the enzyme in adult rats 131. In the present study the use of the cDNA (pME6) in dot-blot and Northern blot analysis has facilitated an investigation of developmental changes in total rat hepatic malic enzyme mRNA levels and also in three malic enzyme mRNA species and the effect of dietary and hormonal influences at the suckling/weaning transition. Dot-blot analysis of malic enzyme mRNA was carried out with both poly(A)+ RNA isolated from total liver RNA and liver polysomal poly(A)+ RNA from rats at various stages of development from late fetal to adult life. Small amounts of malic enzyme mRNA were detected in RNA isolated from fetal rats of 21 days gestation. After birth, malic enzyme mRNA levels decrease five-fold to the very low level which is present until 16 days of age, after which time it increases rapidly both before and after weaning (at 21 days of age) to reach a peak at 35 days of age, thereafter falling to adult values. These postnatal changes in amounts of malic enzyme mRNA parallel the changes reported for enzyme activity and immunoreactive protein [ 1 J, indicating pre-translational control of enzyme expression during development of the rat liver. In contrast to malic enzyme, levels of albumin mRNA increase slightly during the neonatal period but attain a stable value by about the third week of life, as has previously been reported [4J.
In order to determine the size of the malic enzyme mRNA present at different stages of hepatic development, Northern blot analysis was performed. Such analysis demonstrated the presence of three malic enzyme mRNA species in late fetal liver with sizes of 1.6 kb (60% of total), 2.0 kb and 3.1 kb. In contrast, only the 2.0 kb and 3.1 kb species of mRNA were observed in normal postnatal rat liver with the relative proportions varying during development. Thus at 16-1 8 days of age the larger form predominates. However, although levels of both species increase after weaning a relatively greater increase in the amount of the 2.0 kb species results in this mRNA being four times more abundant than the 3.1 kb species at 35 days of age. As the level of total malic enzyme mRNA falls to adult values the ratio of 2.0 kb to 3.1 kb species falls to 3, as previously reported for adult rat liver [2J. Similar analysis of hepatic albumin mRNA at various stages of development revealed only one species of mRNA, 2.2 kb in size, in agreement with previous observations [4] .
Experiments have been carried out to characterize the agents responsible for the large increase in malic enzyme expression at weaning. Both tri-iodothyronine and dichloroacetate, alone or in combination, have been shown to induce malic enzyme activity and immunoreactive protein in neonatal rats 111. The present study demonstrates that such changes are secondary to an elevation of the malic enzyme mRNA species and that malic enzyme expression is only slowly responsive to the effectors used. Northern blot analysis revealed that the 2.0 kb and 3.1 kb malic enzyme mRNA species were induced to the same extent and that the 1.6 kb mRNA species is transiently expressed at short time intervals after treatment of 10-day-old animals with tri-iodothyronine and dichloracetate.
In order to investigate the effects of dietary change at the suckling/weaning transition on the developmental expression of hepatic malic enzyme, rats were weaned at 2 1 days of age on to either the stock laboratory diet (high starch), a high-fat diet or a high-sucrose diet. Relative to the stock-diet-fed animals, weaning on to the high-sucrose diet resulted in increased malic enzyme activity, whereas weaning on to the high-fat diet resulted in reduced malic enzyme activity.
Changes in enzyme activity were accompanied by concomitant changes in malic enzyme mRNA levels. Northern blot analysis revealed no significant differences in malic enzyme mRNA species between the various experimental groups. Premature weaning of animals at 16 days of age on to the stock laboratory diet resulted in premature induction of malic enzyme activity, mRNA production and a change in proportions of the 2.0 kb and 3.1 kb mRNA species.
The present study indicates that developmental changes in rat hepatic malic enzyme expression are controlled at the pre-translational level. Further, developmental changes in various malic enzyme mRNA species occur, the control of and physiological significance of which remain to be elucidated.
